The coding sequence for the entire 200K polyprotein of cowpea mosaic virus (CPMV) B-RNA was expressed in insect cells by using baculovirus expression vectors. The 200K polyprotein, which harbours all virus functions required for RNA replication, is completely cleaved into 170K and 32K products by the 24K protease activity contained within the polyprotein. Further processing of the 170K protein into CPMVspecific products of 60K, 84K, 87K, 110K and 112K occurred to a limited extent, similar to that observed in cowpea cells. Electron microscopy of insect cells in which the 200K protein was produced revealed the presence of membranous vesicles and electron-dense structures which were not seen in cells infected with wild-type baculovirus. Similar cytopathic structures develop in the cytoplasm of CPMV-infected cowpea cells and are thought to be the site of membrane-bound viral RNA replication. The electron-dense structures in insect cells could be preferentially labelled with several CPMV-specific antisera and Protein A-gold. Since electron-dense structures were not observed in cells in which the 170K protein only was produced, it seems that the 32K protein has a role in keeping the B-RNAencoded proteins in these structures together. Membranous vesicles were also observed in insect cells in which the 60K protein only was produced. Use of specific antibodies and Protein A-gold showed that the 60K protein is associated with these vesicles, indicating that the 60K protein may induce the formation of vesicles. Although proteolytic processing of the 200K polyprotein and the induction of cytopathic structures indicate that the CPMV proteins produced in insect cells are functional, it has not been possible to demonstrate RNA polymerase activity in extracts of these cells using an oligo(U)-primed assay. The results indicate that in the assay an additional component is lacking and/or that the CPMV polymerase is not able to start RNA synthesis on an exogenous template.
Introduction
The two genomic RNA molecules of cowpea mosaic virus (CPM¥) are both required for successful infection of cowpea plants. Individual steps in the infection process involve proteins encoded by either one of the viral RNAs and presumably also proteins encoded by the host. For instance, all virus functions necessary for viral RNA replication are confined to the larger B-RNA molecule as it can replicate independently of the smaller M-RNA in cowpea protoplasts (Goldbach et al., 1980) . On the other hand, cell-to-cell movement of the virus in the plant is dependent on the coat proteins and the transport protein(s), which are encoded by M-RNA .
Translation of the open reading frames (ORFs) of each RNA yields large polyproteins which are processed into smaller proteins by a B-RNA-encoded protease (Wellink et al., 1986; Vos et al., 1988a ; see also Fig. 1 ). Our understanding of the exact activities of the separate B-RNA-encoded proteins, i.e. final cleavage products and precursors thereof, is still incomplete, but several functional domains within the B polyprotein have been identified (Fig. 1) .
The 32K protein is involved in regulation of B polyprotein processing (Peters et al., 1992) and is required as a cofactor in the cleavage of the M polyprotein (Vos et al., 1988 a) . The 24K protein has been identified as the viral protease (Verver et al., 1987) and, based on sequence homologies with other viral polymerases, the 87K protein is thought to be the core polymerase (Franssen et al., 1984a; Poch et al., 1989) . The I lOK protein, which encompasses the 24K and 87K proteins, is the sole viral protein that can be detected in highly purified replication complexes (Dorssers et al., 1984) and therefore has been identified as the viral replicase. The 60K protein (58K + VPg) contains an amino acid sequence motif that is found in proteins with 0001-1135 © 1992 SGM NTPase activity, such as helicases (Gorbalenya et al., 1988 (Gorbalenya et al., , 1989 . Furthermore, it has been suggested that the 60K protein has a role in anchoring the viral RNA replication complex to vesicular membrane structures, which are induced in infected ceils by the virus (de Zoeten et aL, 1974; .
So far it has not been possible to isolate templatedependent CPMV polymerase from infected plant material (Dorssers et al., 1983 (Dorssers et al., , 1984 . In attempts to obtain an active CPMV polymerase, individual B-RNA-encoded proteins have been produced in Escherichia coli (Richards et al., 1989) and in insect cells (van Bokhoven et al., 1990) . The viral proteins obtained with these expression systems are structurally identical to the authentic virus proteins as judged by electrophoretic mobility, immunoreactivity and the faithful proteolytic processing patterns of proteins containing the 24K protease domain. Nevertheless, none of the CPMV proteins show RNA-synthesizing activity in oligo(U)-primed polymerase assays (Richards et al., 1989; van Bokhoven et al., 1991) . This observation was rather unexpected as the poliovirus polymerase, which shows considerable amino acid sequence homology with the B-RNA-encoded 87K protein, and which was synthesized and tested under identical conditions, is active in such assays. The polymerases of poliovirus and CPMV appear to have different requirements for RNA-synthesizing activity.
One of the explanations for the lack of activity of the CPMV-encoded polymerase is that other viral proteins or host proteins from cowpea plants are required to yield or maintain an active enzyme (van Bokhoven et al., 1991) . For example, the regulation of proteolytic processing of the 200K polyprotein by the 32K protein (Peters et al., 1992) might be essential for the formation of a functional replicase complex. To study this we have expressed the entire 200K coding sequence of CPMV B-RNA in insect cells using a baculovirus vector and tested fractions of insect cells for RNA-dependent RNA polymerase activity. In CPMV-infected cowpea ceils, RNA replication complexes are associated with vesicular membranes of cytopathic structures, the formation of which is induced by a B-RNA-encoded function (de Zoeten et al., 1974; Rezelman et al., 1982) . Here we report an electron microscopy study to investigate whether the 200K polyprotein or one of its proteolytic cleavage products is capable of inducing similar cytopathic structures in insect cells.
Methods
Viruses, plasmids and cells. Plasmid pTB 1G contains a full-length cDNA of CPMV B-RNA (Lomonossoff & Shanks, 1983 ) from which infectious RNA transcripts can be generated using T7 polymerase . Plasmid pTB32* contains a TGA stop codon immediately downstream of the coding sequence for the 32K protein of B-RNA (Vos et al., 1988b) . Transcripts of this plasmid produce 32K protein only upon in vitro translation. Baculovirus transfer vector pAcRP23 has the polyhedrin promoter-containing EcoRI I fragment of Autographa californica nuclear polyhedrosis virus (AcNPV) in pUC8 (Possee & Howard, 1987) . Transfer vectors pAcHB170, pAcHBll0, pAcHB87 and pAcHB60 contain the coding sequences for the respective B-RNA-specific proteins in pAcRP23 (van Bokhoven et al., 1990) . All plasmids were propagated in E. coli DH5ct(F'). UMPcontaining ssDNA was obtained from E. coli strain RZ1032.
AcNPV strain E2 (Summers & Smith, 1987) and recombinants derived from it were grown in Spodopterafrugiperda IPLB-SF-21 cells (Vaughn et al., 1977) in TNM-FH medium (Hink, 1970) supplemented with 10% foetal bovine serum.
DNA manipulations. Standard recombinant DNA techniques were used for construction of baculovirus transfer vectors (Sambrook et al., 1989) . Site-directed mutagenesis was performed as described by Kunkel (1985) using oligodeoxynucleotides synthesized on a Cyclone DNA synthesizer (Biosearch).
Construction of baculovirus transfer vectors. A SalI-XbaI fragment
[nucleotides (nt) -44 to 899 of B-RNA] from pTB 1G was inserted into Ml3mpl8 and subjected to mutagenesis using the oligonucleotide 5' GTCTTGACCCCATATGGGTCTCCC 3'. This resulted in the creation of a Ndel recognition site (underlined) at positions 204 to 209 while leaving the natural start codon at position 207 intact. A SalI-PstI fragment containing the mutation was exchanged with the homologous fragment from pTB1G to produce plasmid pTB200N.
The baculovirus transfer vector pAcHB200 was constructed in a three-point ligation reaction. Plasmid pTB200N was partially digested with NdeI, filled in with the Klenow fragment of DNA polymerase I and cleaved with SstI, and the NdeI-SstI fragment (nt 206 to 2301) was isolated. Transfer vector pAcHBI70 was cleaved with SstI and BstEII, and the 10.4 kb fragment containing vector sequences and B-cDNA sequences spanning the SstI site and the 3' terminus was isolated. Plasmid pAcRP23 was digested with BamHI, blunt-ended with the Klenow fragment of DNA polymerase I and then cleaved with BstEII. A 3.0 kb fragment containing the remainder of the vector and the polyhedrin promoter was isolated. The proper ligation of the three fragments into pAcHB200 was confirmed by restriction enzyme analysis and dideoxynucleotide sequencing (Korneluk et al., 1985) .
Three plasmids were also used for the construction of transfer vector pAcHB32. Transfer vector pAcHB200 was digested with BstEII and PstI (3.18 kb), pAcHB60 with BstEII and SstI (7-09 kb) and pTB32* with PstI and SstI (0.84 kb). Ligation of the indicated fragments resulted in pAcHB32 in which the 32K coding region of CPMV B-RNA followed by a stop codon was present under control of the polyhedrin promoter.
Selection of recombinant baculoviruses. Monolayers of S. frugiperda cells (1 x 106 cells/35 mm Petri dish) were cotransfected with wild-type (wt) AcNPV DNA and transfer vector DNA using either the calcium phosphate precipitation procedure (Summers & Smith, 1987) or lipofectin reagent (Gibco BRL) as described by Groebe et al. (1990) . After 5 days incubation at 27°C, the supernatant containing extracellular virus particles was collected and used for a plaque assay. Five days post-infection (p.i.) putative recombinant viruses characterized by a polyhedron-negative phenotype were picked and plaquepurified three times to achieve genetic homogenity.
Analysis of proteins synthesized by recombinant bavuloviruses.
S. frugiperda cells (1 x 106 cells/35 mm dish) were infected with AcNPV recombinants at an m.o.i, of 10 and incubated for 2 days at 27 °C. The cells were collected by centrifugation at 300 g for 2 min, washed twice in cold PBS (10 mM-sodium phosphate pH 7.5, 100 mM-NaCI) and disrupted by boiling for 3 min in sample buffer (10 m~-Tris-HC1 pH 8.0, 1 mM-EDTA, 10% v/v glycerol, 2% w/v SDS, 5% v/v 2-mercapoethanol, 0.001% w/v bromophenol blue). Equal numbers of cells infected with wt AcNPV and mock-infected cells served as controls. Aliquots obtained from 5 x 104 cells were electrophoresed in 10 % SDS-polyacrylamide gels (Laemmli, 1970) . These gels were either stained with Coomassie blue or analysed by immunoblotting using antisera raised in rabbits against synthetic peptides (anti-24K, Wellink et al., 1987; anti-VPg, Eggen et al., 1988) , purified viral protein (anti-32K, Franssen et al., 1984b) or purified 110K protein from baculovirus expression vector pAcHB110 (H. van Bokhoven, unpublished data). To stain the blot, anti-rabbit IgG-atkaline phosphatase conjugate (Promega) was used as a second antibody (Blake et al., 1984) .
Preparation of extracts for polymerase assays. S. frugiperda cells were infected with AcNPV recombinants at an m.o.i, of 10. At 2 days p.i. the cells were harvested and collected by low-speed centrifugation (300 g for 2 min). The cells were washed twice, resuspended in cold 50 mM-Tris-acetate pH 8.0, 25% glycerol, 50 mM-potassium acetate, 1 mM-EDTA, 5 mM-DTT and 0.5 mM-PMSF at 4 x 106 cells/ml, and sonicated with a Vibra Cell sonicator in two cycles of 10 pulses each. The resulting crude extract was subjected to sequential centrifugation steps to obtain pellet and supernatant fractions. The crude insect cell extract was first centrifuged for 30 min at 10000 g, then the resulting supernatant was centrifuged for 30 min at 30000 g and the supernatant fraction thereof was finally centrifuged for 60 min at 100000 g. All fractions were tested for polymerase activity as described previously (Flanegan & Baltimore, 1977; van Bokhoven et al., 1991) .
Electron microscopy. S. frugiperda cells were infected with wt and recombinant AcNPVs at an m.o.i, of 10 TCIDso units/cell. At 48 h p.i., cells were dehydrated and embedded in LR White or LR gold, and sections were immunogold-labelled with CPMV-specific antibodies and Protein A-gold complexes with 7 nm diameter gold particles, followed by silver enhancement as described previously (van Lent et al., 1990) .
Results

Cloning and expression of the B-RNA coding sequence in insect cells
To clone the entire 200K coding sequence of CPMV B-RNA in a baculovirus expression vector a NdeI recognition site was created in pTB1G at position 204 ( Fig. 1) . In vitro T7 polymerase transcripts obtained from a~?,dl-length cDNA clone containing this mutation (pTB2q0N) were as infectious in cowpea protoplasts as were trai.scripts of the original wt clone (results not shown). This demonstrates that neither the cloning and mutagenesis steps nor the changing of bases at positions 204 (A to C) and 206 (C to T) had any adverse effect on virus viability.
The newly created NdeI site was used to construct baculovirus transfer vectors pAcHB32 and pAcHB200, which contained the 32K and 200K ORFs of CPMV B cDNA, respectively, under control of the strong polyhedrin promoter (Fig. 1) . S. frugiperda cells were cotransfected with either of the two transfer vectors together with wt AcNPV DNA resulting in the recom- binant baculoviruses AcHB32 and AcHB200. Following plaque purification, these recombinants were used at an m.o.i, of 10 to infect S.frugiperda cells. After incubation for 48 h at 27 °C, the total protein content of these cells was analysed on SDS-polyacrylamide gels (Fig. 2a) .
Coomassie blue staining of these gels revealed that cells infected with AcHB200 contained proteins with M~s of approximately 170K and 32K which were not found in AcNPV-infected (not shown) or uninfected insect cells. The proteins produced by AcHB200 were further analysed by immunoblotting. The 170K protein found in AcHB200-infected cells was indistinguishable from the 170K protein present in CPMV-infected plants as it reacted with anti-VPg, anti-24K, anti-ll0K and anti-170K antisera ( Fig. 3 ; data not shown). Using anti-32K antiserum, it was confirmed that the 32K protein synthesized in AcHB200-infected insect cells was indeed CPMV-specific and of the proper size as it migrated with the same electrophoretic mobility as the 32K protein found in CPMV-infected plants (Fig. 2b) . The 200K polyprotein was not detected, indicating that upon synthesis in insect cells it is completely cleaved into 170K and 32K proteins. Moreover, use of the CPMV-specific antisera revealed that in addition to this primary cleavage further proteolytic processing of the 170K protein had occurred in insect cells. The presence of H. van Bokhoven and others proteins of sizes of 112K, ll0K, 87K, 84K and 60K, comigrating with viral proteins from CPMV-infected cowpea plants, suggested that processing of precursor proteins had taken place at the authentic cleavage sites (Fig. 3) . It is noteworthy that proteolytic processing of the 170K protein originating from the 200K polyprotein was less extensive than processing of the 170K protein that had been produced in insect cells in the absence of the 32K protein (van Bokhoven et al., 1990) . In addition to the specific proteolytic processing products, other protein species immunoreactive with CPMV-specific antisera were detected. These polypeptides become more apparent upon repeated freezing and thawing of the harvested insect cells, and therefore are probably due to non-specific degradation. The amount of CPMV-specific proteins produced in AeHB200-infected ceils was significantly higher than Insect cells infected with AcHB200 were sonicated and the resulting crude lysates (lane 2) were subjected to sequential centrifugation steps to give pellet (lanes 3, 5 and 7) and super-natant (lanes 4, 6 and 8) fractions. Centrifugal forces applied were 10000 g for 30 min (lanes 3 and 4), 30000g for 30 rain (lanes 5 and 6) and 100000g for 60 rain (lanes 7and 8). The proteins were separated in a 10~ polyacrylamide gel and blotted onto nitrocellulose. Visualization was with anti-VPg and antil l0K antisera followed by anti-rabbit IgG-alkaline phosphatase conjugate. A crude extract of AcNPV-infected cells (lane 9) and a membrane fraction of CPMV-infected cowpea leaves (lane 1) served as controls.
that obtained upon expression of the 170K protein coding sequence from the polyhedrin promoter (van Bokhoven et al., 1990) . Apparently the presence of the 32K protein coding sequence upstream of the 170K protein coding region has a beneficial effect on the level of expression. Furthermore, AcHB200 and AcHB32 showed equally high levels of expression as judged by the amount of 32K protein detected on immunoblots and after Coomassie blue staining (Fig. 2) .
Distribution of C P M V proteins in S. frugiperda cells
The cellular distribution of C P M V proteins produced by the baculovirus vector that contained the 200K coding sequence of B-RNA was tested by subjecting crude sonicated fractions of insect cells to sequential centrifugation steps (Fig. 3) . Crude lysates of cells in which the 200K protein was produced were centrifuged at 10000 (lanes 3 and 4), 30000 (lanes 5 and 6) and 100000g (lanes 7 and 8) successively, and pellet and supernatant fractions were analysed by electrophoresis and immunoblotting using anti-VPg and anti-ll0K anti-sera. It appeared that after low-speed centrifugation most CPMV-specific proteins were distributed equally between the pellet and supernatant fractions (lanes 3 and 4). Almost none of the protein from the 10000 g supernatant was sedimented at 30000 g, but, upon application of high centrifugal forces (100000 g), CPMV-specific polypeptides were found in the pellet (lanes 5 to 8). The 60K protein was present in the different pellet fractions in slightly higher amounts than the other CPMV-specific proteins, which occurred in each fraction in roughly equal amounts.
To obtain more detailed information on the cellular localization of the CPMV proteins, S. frugiperda cells infected with AcHB200 were prepared for electron microscopy and immunogold labelling at 48 h p.i. (Fig.  4) . Except for the absence of occlusion bodies, AcHB200-infected S. frugiperda cells exhibited the cytopathic typical features of an AcNPV infection, such as the presence of an enlarged nucleus containing fibrillar structures, electron-dense 'spacers' and virogenic stroma (van der Wilk et al., 1987) . However, in the cytoplasm of AcHB200-infected cells, electron-dense structures as well as membranous vesicles were present, reminiscent of the characteristic cytopathic structures found in CPMVinfected cowpea cells (Fig. 4a) . The appearance of electron-dense structures and membranous vesicles was not observed in cells infected with wt AcNPV (not shown).
The unusual cytopathic effects, characterized by large arrays of vacuoles and rapid cell lysis, manifested by recombinant AcNPVs expressing the 60K and 170K coding regions of CPMV B-RNA have been noticed before (Fig. 4c; van Bokhoven et al., 1990) . Electron microscopic evaluation of cells in which either the 60K or 170K protein is synthesized showed that membranous vesicles were also present in the cytoplasm of most of these cells, whereas no electron-dense structures were detected (Fig. 4d) . The induction of membrane structures was very obvious in these cells, despite the relatively low expression level of the 60K/170K coding sequences. In contrast, neither membranous vesicles nor electron-dense structures were detected in insect cells in which very high amounts of the 87K or 110K proteins of CPMV were synthesized (Fig. 4e) .
Ultrathin sections of insect cells infected with baculovirus recombinants were further analysed by immunocytochemistry using antisera reactive against CPMV proteins and Protein A-gold. Cells in which the 87K and 110K proteins were synthesized independently of other B-RNA-encoded proteins and which were incubated with anti-24K or anti-11 OK antiserum showed gold label distributed randomly over the cell (Fig. 4f) . Sections of cells in which the 60K protein was produced separately were preferentially labelled on the membranous vesicles upon incubation with anti-VPg antiserum (Fig. 4d) . In sharp contrast, strong labelling of the electron-dense structures in the cytoplasm of AcHB200-infected cells was observed with anti-32K antiserum (Fig. 4b) , and the anti-24K, anti-110K and anti-VPg antisera (not shown). These results indicate that the majority of CPMV proteins produced in insect cells are present in these electron-dense structures.
Polymerase assays
S. frugiperda cells, infected at an m.o.i of 10 with AcHB200, were used at 48 h p.i. for the preparation of crude extracts, and pellet and supernatant fractions as described for the experiment in Fig. 3 . All extracts were tested for the presence of RNA-dependent RNA polymerase activity in an assay containing poly(A) as a template, oligo(U) as a primer and [3H]UTP. To ensure that no false positive activity was registered the assay was also performed without any primer and template, and with extracts of insect ceils that had been infected with wt AcNPV. Crude insect cell extracts in which poliovirus polymerase was produced by baculovirus recombinant AcHB3CD (van Bokhoven et al., 1991) served as a positive control for the assays. Indeed, poliovirus polymerase produced in insect cells exhibited, as before (van Bokhoven et al., 1991) , a clearly detectable RNA-synthesizing activity but, in sharp contrast, none of the insect cell fractions containing CPMV proteins showed any detectable polymerase activity (Table 1) . Several modifications of the standard polymerase assay were used to determine whether the lack of polymerase activity in extracts of AcHB200-infected insect cells was caused by suboptimal conditions in the assay mixture. However, none of the variations in monovalent (Na, K, NH4) or divalent (Mg, Mn, Zn, Ca) cations, pH, rNTP concentration, or DTT, spermidine, polyethylene glycol, actinomycin D and several combinations thereof, had any stimulatory effect on polymerase activity. Also, when CPMV RNA was added as template instead of poly(A), there was no polymerase activity. Furthermore, the addition of crude membrane fractions of CPMVinfected cowpea plants, which have the capacity to elongate nascent RNA chains and might contain essential host proteins, did not cause polymerase activity to act upon exogenous poly(A)/oligo(U).
Discussion
Elucidation of the mechanism of RNA replication for CPMV requires detailed knowledge of the biochemical properties of the B-RNA-encoded proteins and would be especially helped by the definitive identification of the viral RNA polymerase. In this paper we report the highlevel synthesis of the entire 200K polyprotein of CPMV B-RNA in insect cells to provide all the viral factors required for replication of this RNA in plants. In insect cells, the 200K polyprotein was faithfully processed into smaller size proteins which were present in cytopathic structures resembling those found in CPMV-infected cowpea cells. Despite these results, which indicate the native character of CPMV proteins in insect cells, viral RNA polymerase activity was not demonstrated in extracts of these cells.
The 200K polyprotein produced by recombinant baculovirus AcHB200 is completely cleaved into proteins of 170K and 32K by the action of the 24K protease moiety of the protein. Presumably, nascent 200K polypeptide chains undergo this cleavage (Franssen et al., 1984c) . Further processing of the 170K protein occurred to a limited extent to give CPMV-specific proteins of l12K, I10K, 87K, 84K and 60K in ratios similar to those found in CPMV-infected cowpea leaves. In contrast, previous observations have shown that the 170K protein synthesized by AcHB170 is almost completely processed into products of 110K, 87K, 84K, 60K and 24K (van Bokhoven et al., 1990) . These 170K proteins differ only in their N-terminal amino acid. The 170K protein produced by processing of the 200K polyprotein from AcHB200 has a N-terminal serine, whereas the N-terminal amino acid of the 170K protein produced by AcHB170 is methionine. It is known that the N-terminal amino acid residue may influence the stability of the protein in vivo (e.g. Tobias et al., 1991) , but it seems unlikely that the Ser to Met change would have a dramatic influence on the further proteolytic processing of the 170K protein. More likely, the striking difference in the level of proteolytic cleavage of the 170K protein produced by AcHB170 and AcHB200 in insect cells reflects the regulatory role of the 32K protein on protein processing. Recently, in vitro translation studies have revealed that the 32K protein inhibits the processing of the 170K protein, probably by interaction with the 58K protein domain (Peters et al., 1992) .
The level of expression of foreign sequences with the baculovirus expression system is influenced by the nature of the protein to be synthesized (Roosien et al., 1990) and the efficiency of translation of the corresponding mRNAs (Luckow & Summers, 1988) . The amount of CPMV-specific protein produced by the recombinant baculoviruses containing B-RNA coding sequences under control of the same polyhedrin promoter is also subject to large variations. Very high yields of the 87K and l l0K proteins were obtained with AcHB87 and AcHBll0 respectively, whereas recombinants that encoded either the 60K (AcHB60) or the 170K (AcHB170) polypeptide produced low amounts of CPMV-specific protein. Baculovirus recombinants AcHB32 and AcHB200 show intermediate levels of expression. It has been proposed that the production of the 60K and 170K proteins in AcHB60-and AcHB170-infected insect cells is impaired as a result of poor translation caused by an intrinsic property of the mRNA for the 60K coding region (van Bokhoven et al., 1990) . The increased expression level of AcHB200 in comparison to that of AcHB 170 further supports this suggestion. In AcHB200 the same 170K protein coding region as in AcHB170 is almost 1000 bp further downstream of the start codon. The 1000 bp encoding the 32K protein appear to be sufficient to abolish interference of the 60K coding sequence with translation.
Electron micrographs of S. frugiperda cells infected with AcHB200 reveal electron-dense structures and membranous vesicles not found in wt AcNPV-infected cells. Similar cytopathic structures, characterized by large arrays of membranous vesicles surrounded by Fig. 4 . Electron micrographs of S. frugiperda cells infected with AcHB200 (a, b), AcHB60 (c, d) or AcHB110 (e, f). Typical CPMV cytopathic structures are apparent in AcHB200-infected cells (a), showing electron-dense structures (arrows) and membranous vesicles (arrowheads) in the cytoplasm. Electron-dense structures contain CPMV non-structural proteins as indicated by specific gold/silver labelling using anti-32K antiserum (b). Large vacuoles (VA; c) and vesiculated areas (d) are formed in the cytoplasm of ceils infected with AcHB60. The 60K protein is associated with the vesicular membranes (arrowheads) as revealed by gold labelling with an anti-VPg serum (d) . No CPMV cytopathic structures were observed in AcHB 110-infected cells (e), but CPMV-specific proteins are distributed in the cytoplasm and nucleus of these cells, as shown by labelling with anti-24K antiserum (f). N, Nucleus; C, cytoplasm; F, fibrillar structure; S, electron-dense 'spacer'; V, virogenic stroma. Bar markers represent 2 Ixm (a to c, e and f) and 0.5 ~tm (d).
electron-dense material, develop in the cytoplasm of cowpea cells early in infection with CPMV (de Zoeten et al., 1974) . The induction of cytopathic structures has also been observed in cowpea protoplasts inoculated with purified B components of CPMV, indicating that the formation of these structures is induced by a B-RNAencoded function (Rezelman et al., 1982) . It has been demonstrated that viral RNA replication complexes are associated with the vesicular membranes of the cytopathic structures in CPMV-infected cowpea cells (de Zoeten et al., 1974; Assink et al., 1973; Zabel et al., 1974) . Moreover, isolation of the crude membranes of CPMV-infected cells yields an RNA-dependent RNA polymerase activity capable of fully elongating viral plussense RNA, the synthesis of which had already been initiated in vivo (Dorssers et al., 1983) . Here, it has been shown that induction of electron-dense structures and membranous vesicles is a property of the B-RNAencoded proteins per se, independent of typical plant factors and the occurrence of viral RNA replication.
Furthermore, membrane proliferation into vesicular structures occurs similarly in S.frugiperda cells in which only the 60K protein of CPMV B-RNA was produced. Immunogold labelling with anti-VPg serum revealed an association between the 60K protein and these membrane structures. These observations indicate that the 60K polypeptide appears to act as a vesicle-inducing protein and also reinforces the proposed function of the 60K protein in anchoring the replication complex to membranes . For poliovirus, similar activities have been ascribed to proteins of the P2 genomic region. It has been shown by Bienz et al. (1983) that poliovirus protein 2BC is involved in the induction of membrane proliferation, leading to the formation of vesicular membranes. Furthermore, protein 2C, which shows significant sequence identity with the 60K protein of CPMV, is likely to be responsible for attachment of RNA replication complexes to vesicular membranes (Bienz et al., 1987 (Bienz et al., , 1990 .
The presence of electron-dense structures in the cytoplasm of S. frugiperda cells was only observed upon infection with AcHB200. The electron-dense structures could be labelled specifically with anti-CPMV polypeptide antisera (anti-24K, -VPg, -32K, -110K) and Protein A-gold, suggesting that the bulk of the CPMV proteins is present in these structures in AcHB200-infected insect cells, as has been observed in CPMV-infected cowpea protoplasts (Wellink et al., 1988) . On the other hand, the 87K and l l0K proteins synthesized in very high amounts by AcHB87 and AcHBll0, respectively, are dispersed all over the infected cell. In addition to the proteins synthesized by AcHB170, which do not induce the formation of electron-dense structures, recombinant AcHB200 produces the 32K protein. The 32K polypeptide does not occur as a free protein in CPMVinfected protoplasts but is complexed to other B-RNAencoded proteins (170K, 84K, 60K and 58K; Franssen et al., 1984b) . Therefore, it is tempting to assume that the 32K protein keeps the other B-RNA-encoded proteins together in complexes which are seen as electron-dense structures. The function of these complexes in the virus life-cycle, if any, remains to be elucidated.
We have not yet been able to demonstrate the presence of RNA-dependent RNA polymerase activity in any of the insect cell extracts containing B-RNA-specific proteins, even when the entire 200K coding region is expressed. There are several observations which indicate that the CPMV proteins produced in insect cells are able to exercise their characteristic activities. (i) The proteolyric processing pattern of the 200K protein in insect cells is indistinguishable from that in cowpea cells; (ii) the induction of electron-dense structures and membranous vesicles, the site of RNA replication in cowpea cells, occurs just as in cowpea cells and may be induced by an activity of the 32K and 60K proteins, respectively; (iii) the 170K, l12K, ll0K and 87K proteins produced by AcHB200 have the capacity to bind ribonucleotides, a property shared with the authentic viral proteins (S. Peters, unpublished observations). These four polypeptides all contain the core polymerase domain that is present within the 87K protein. Thus, it seems that the CPMV proteins produced in insect cells are either not able to accept an exogenous primer and template for polymerase activity and/or need an additional host component to function as a polymerase (for discussion see van Bokhoven et al., 1991) . To investigate whether a host factor is indeed required by the CPMV polymerase, we are now expressing the CPMV replicative genes in cowpea protoplasts using a transient expression system based on the 35S promoter of cauliflower mosaic virus.
